Introduction
Lytic infection of BHK cells with either pseudorabies virus (PRV) or herpes simplex virus type 1 (HSV-1) results in the appearance of enzymically similar seryl/ threonyl protein kinases (formerly referred to as virusinduced protein kinase, now designated PRV-PK and HSV1-PK, respectively) with properties distinct from those of known cellular protein kinases Purves et al., 1986a) . From experiments using cells infected with HSV-1 there are both genetic (Purves et al., 1987a) and immunochemical results which, when taken together, provide compelling evidence that the protein kinase is the product of viral gene US3, the predicted product of which contains conserved and semi-conserved motifs that are diagnostic of eukaryotic cellular protein kinases (McGeoch & Davison, 1986) .
The similar substrate specificities of PRV-PK and HSV1-PK (Purves et al., 1986b) suggested that the former enzyme was the product of a PRV gene corresponding to US3 of HSV-1 but, because the more limited studies on the structure of the genome of PRV did not include a description of such a gene, this remained to 0000-9566 O 1990 SGM be established. As PRV-PK is better characterized than HSV1-PK, and has been purified to homogeneity (Purves et al., 1987 b) , we decided to isolate the PRV gene corresponding to gene US3 of HSV-1 and determine its relationship to the enzyme.
Methods
Cells and viruses. PRV was of the Ka strain of Kaplan & Vatter (1959) , and HSV-1 was of strain 17. Viruses were grown in BHK-21/C13 cells, as previously described (Purves et al., 1986a) .
Purification of virions and nueleocapsids.
Virions were purified from the medium of infected cells by differential rate-zonal centrifugation followed by isopycnic centrifugation on a discontinuous sucrose gradient, as previously described (Stevely et al., I985) . The purity of virions isolated by this procedure has been documented previously . Nucleocapsids were isolated from the nuclei of infected cells as previously described (Stevely, 1975) . They were characterized by polyacrylamide gel electrophoresis, and their protein composition was found to be similar to that reported by others (Stevely, 1975; Ben-Porat & Kaplan, 1985) .
Purification and assay of protein kinases. PRV-PK was purified to homogeneity, assayed for its ability to phosphorylate protamine sulphate and screened for purity by polyacrylamide gel electrophoresis exactly as described (Purves et al., 1986b) . Casein kinase II was from a partially purified preparation (McGarvey & Leader, 1983 ) and the cyclic AMP-dependent protein kinase (purified catalytic subunit) was a gift from Dr P. Cohen (Department of Biochemistry, University of Dundee, U.K.). Phosphorylation of heat-inactivated virions in vitro was performed as previously .
Cloning of PRV DNA and determination of nucleic acid sequences.
DNA was isolated from purified PRV virions by extraction with phenol in the presence of sodium lauroylsarcosinate (Lomniczi et al., 1984) . It was digested with BamHI, and the fragments were cloned into the plasmid vector pUC18 using Escherichia coli strain JM109 (Yanisch-Perron et al., 1985) . BamHI fragment 10 was sequenced by the chain-termination method (Sanger et al., 1977) using buffer gradient gels containing 6~ acrylamide and 9 M-urea (Biggin et al., 1983) , after subcloning fragments derived by digestion with restriction endonucleases into the vectors Ml3mpl8 and Ml3mpl9 (YanischPerron et al., 1985) . The sequence was assembled from 40 overlapping fragments which covered both strands in their entirety.
BamHI fragment 7 of PRV was cloned in a similar manner, and its identity confirmed by partial nucleotide sequence determination and comparison with the results of Reaet al. (1985) .
Isolation and analysis ofmRNAs. RNA was extracted from BHK cells infected for different lengths of time with PRV (20 p.f.u, per cell), by the acid guanidinium thiocyanate method (Chomczynski & Sacchi, 1987) . Polyadenylated RNA was isolated by chromatography on oligo(dT)-cellulose (Aviv & Leder, 1972) . The polyadenylated RNA was subjected to electrophoretic separation in agarose gels containing formaldehyde (Goldberg, 1980) , transferred to nitrocellulose and hybridized to the radioactive DNA probes, (i) and (ii) in Fig. 1 , from either the protein kinase (pk) or glycoprotein X (gX) genes respectively. Probe (ii) was labelled by nick-translation (Rigby et al., 1977) , and probe (i) (kindly provided by Dr B. Favre of this laboratory) by the polymerase chain reaction (Saiki et al., 1988) . After hybridization, the nitrocellulose was washed three times for i0 min at 20 °c with 2× SSC (SSC is 0-15M-sodium chloride, 0"015M-sodium citrate, pH 7.0), 0.1 ~ SDS, and then once for 30 min at 65 °C with 0.1 x SSC, 0.1 ~ SDS, before drying and subjecting to autoradiography.
Construction of fusion proteins and immunochemical analysis.
Fusion proteins of parts of the herpesvirus PK proteins with E. coli fl-galactosidase were constructed by cloning various gene fragments into the vector pUEX-1 (Bressan & Stanley, 1987) . In the case of the PRV pk gene, a 0.8 kb Pstl fragment from nucleotide (nt) 539 to the multiple cloning site of pUC18 (the latter not shown in Fig. 1 , but following the BamHI site) was cloned into the PstI site of pUEX-1 in the correct orientation. This should encode amino acids 94 to 334 of the protein (see Fig. 2 ). In the case of the US3 gene of HSV-1, a 0.8 kb SalI fragment of clone pRB425 (Longnecker & Roizman, 1987) of HSV-1 strain F (a gift from Dr B. Roizman, University of Chicago, II1., U.S.A.), from within the predicted catalytic domain, was cloned into the SalI site of pUEX-1 in the correct orientation. This should encode amino acids 98 to 364 of the protein (see Fig. 7) .
The fusion protein genes were induced, the cells lysed and the aggregated fusion proteins were precipitated and dissolved by boiling for 5 to 10 min in 5 % SDS, 1 ~ 2-mercaptoethanol. The proteins were partially purified by chromatography on Sephacryl $300, and 1 mg quantities injected into rabbits after mixing with an equal volume of Freund's complete adjuvant. The antisera were partially purified using DEAE-celluiose and precipitation with ammonium sulphate, and designated antiserum-P and antiserum-S for PRV pk and HSV-1 US3, respectively. For immunoblotting experiments, nitrocellulose containing protein transferred from polyacrylamide was incubated for 1 to 2 h at 20 °C with a blocking buffer containing 20 mM-Tris-HCl pH 7.2, 0.15 M-NaCI and 0.5% Tween 20, and probed with a 1:400 dilution of antiserum-P or a 1 : 100 dilution of antiserum-S at 20 °C for between 5 and 24 h. The filter was then reacted with donkey anti-rabbit IgG coupled to horseradish peroxidase.
Each antiserum was found to be specific for a protein band in extracts of cells infected with the homologous virus, although that raised against the fusion protein of the HSV-1 US3 gene reacted with a doublet, rather than a single band (see Fig. 5 ). This presumably indicates a modified form of the product. Each antiserum also reacted with a cellular protein, from uninfected cells, of a different Mr (34000) to that specific for infected cells, but this cellular protein or proteins was resolved from the viral ones at the first stage of chromatographic purification. Preimmune serum gave no reaction with protein from either infected or uninfected cells (Stevens, 1989) .
Computer analyses. Sequences were analysed using version 6.1 of the GCG package mounted on a MicroVax 3600 in the Glasgow University local area VAX cluster running version 5 of the VMS operating system. Comparisons of the sequences presented in Fig. 7 [or the 80 amino acid core defined by McGeoch & Davison (1986) ] were made with the NBRF-Protein (release 21) and SwissProt (release 12) databases using the GCG programs WordSearch, FastA and ProfileSearch, and to the six-frame translations of the GenBank (release 60) and EMBL (release 19) databases using the program TFastA. WordSearch uses the searching algorithm of Wilbur & Lipman (1983) , whereas FastA and TFastA use that of Pearson & Lipman (1988) . Local sequence comparisons for Fig. 6 were made using the GCG program, Gap. To examine potential reading frames, the programs CodonPreference and TestCode were used. The former uses an algorithm (Gribskov et al., 1984) that compares the codon usage of the test sequence with a codon usage table, which in this case was compiled from seven published sequences of predicted PRV proteins. The GCG program TestCode uses an algorithm not involving codon usage, but relying on the empirical observation of compositional bias with a periodicity of three in known coding sequences (Fickett, 1982) . The data in Fig. 8 were obtained USing tt~e GCG program, PepPlot.
Results

Determination of the nucleotide sequence of the pk gene of eRr
In HSV-1 and HSV-2 thepk gene of the unique short (Us) region (US3) is located upstream of the gene (US4) for glycoprotein G (McGeoch et al., , 1987 . Although the relationship is only clear in the case of HSV-2, it seems that the gene analogous to US4 in PRV is that encoding gX, which is located at the left-hand end of the BamHI 7 fragment (in the conventional representation of Fig. 1 ), extending through a small, unenumerated BamHI fragment (designated Bam 16 in Fig. 1 ), and with its 5' end at the extreme right of the BamHI 10 fragment (Rea et al., 1985) . It seemed possible that the pk gene of PRV was located in the BamHI 10 fragment, upstream of the gX gene, and we therefore cloned this fragment from a digest of PRV DNA, initially identifying it tentatively by its size and restriction map, and confirming this by comparison with the partial nucleotide sequence (245 nO of Reaet al. (1985) . In fact, our own sequence differs from that of Reaet al. (1985) at two positions: C 1102 is absent from their sequence, and we found a G, rather
U~
IRs Us TRs than a C, at position 1267. The latter nucleotide is thought to be in a region between pk and gX, and could well represent a difference between our Ka strain and the Rice strain used by those workers; however, position 1102 is in a region ofpk that we believe to encode protein, and we therefore think that there is an error at that position in the sequence of Reaet al. (1985) . A partial restriction map of the BamHI 10 fragment of PRV is shown in Fig. 1 , and the nucleotide sequence of the 1-3 kb portion of this from the EcoRV site to the right-hand BamHI site is shown in Fig. 2 . An open reading frame (ORF) corresponding to a protein of 334 amino acids is indicated, and this contains a region (shown in detail in Fig. 7 and in overview in Fig. 1 c) with extensive homology to the catalytic domains of the pk genes of HSV-1 (gene US3) and varicella-zoster virus (VZV) (gene 66).
The region of DNA sequenced was 67 ~ (G + C), and it is common in sequencing such GC-rich DNA to find band compressions (closely spaced bands caused by secondary structure being retained on the gel) and bands in all four lanes (caused by the DNA polymerase pausing and allowing termination at regions of secondary structure during the sequencing reaction). We did not encounter many instances of the latter problem, but observed quite a number of band compressions. By determining the sequence of both strands of the DNA, we were able to obtain an unequivocal reading of the sequence of one of the strands in all these cases
CGA~C~c' Pt G~CA$CXCG~C, GC~ GA~GC ~CC LGA$CZC CTLCAIccgcGAcc L C~G G TVGChC gC G~GT~ CCgGCgCGLA~GC~CC~ 21;~0 (compressions do not normally occur at the same position when DNA is sequenced from different directions). In addition, many of the compressions were eliminated by sequencing random clones generated with restriction endonucleases that cut frequently (HpalI, HinPI and TaqI were used), as the potential for formation of secondary structure is lower in smaller clones. (These random clones were also useful in confirming the presence of restriction sites predicted from the sequence obtained from larger clones generated by restriction endonucleases that cut less frequently.) Although we are confident of the correctness of the sequence, it must be stated that there remain a few places where particular positions rely on the reading of one strand only. The C-terminal (catalytic) domain and the position of the termination codon shown in Fig. 2 are supported by their relationship to the other alphaherpesvirus protein kinases, but there is no corresponding comparator for the non-conserved N-terminal domain. Because there are several alternative Met codons preceding the predicted initiation codon before the first in-frame translational termination codon (that demarcating the 5' end of the ORF) is reached, 1245 nucleotides upstream (G. Zhang & D. P. Leader, unpublished results), some comment on the choice of initiation codon is appropriate. The initiation codon indicated in Fig. 2 (the first preceding the catalytic domain) was chosen on the basis of analysis by two independent computer programs, CodonPreference and TestCode, which predict protein-coding regions of DNA (see Methods). Furthermore, there is an AT-rich region of nucleotides between positions 173 and 195 (marked by broken overlines in Fig. 2) , lying between the nearest preceding potential Met codons (at positions 95 and 104; underlined in Fig. 2 ) and the predicted initiation codon at nucleotide 257, which could well contain the promoter for the pk gene. There are no other potential in-flame Met codons before the start of the short repeat (Rs) region of the PRV genome, 134 nucleotides upstream from the EcoRV site marking the start of the sequence in Fig. 2 , and, especially as the end of the R s region contains a long stretch of repetitive DNA, it is unlikely that the pk gene extends beyond the junction between the Us and Rs regions (G. Zhang & D. P. Leader, unpublished) . It should also be mentioned that the context of the Met at nucleotide 257 conforms better to the consensus for an initiation codon (Kozak, 1989) than do those at positions 173 and 195. Although protein sequencing or transcript mapping will ultimately be required to confirm the predicted initiation codon, the choice is also consistent with data on the protein product of the gene, presented below.
Identification of mRNA corresponding to the pk gene
Examination of the sequence in Fig. 2 reveals that there is no AATAAA or ATTAAA polyadenylation/processing signal between the termination codon ofpk and the initiation codon of gX, and there is also none within the coding sequence ofgX (Reaet al., 1985) . This suggested that the pk m R N A might be coterminal with the gX mRNA, as is the case for US3 and US4 in HSV-1 and HSV-2 McGeoch et al., 1987) . Polyadenylated mRNAs were therefore prepared from cells infected for different lengths of time with PRV, separated by electrophoresis in agarose gels containing formaldehyde, transferred to nitrocellulose and hybridized with radioactive DNA probes (i) and (ii) (Fig. 1) from the coding regions of the pk and gX genes, respectively. It can be seen from Fig. 3 that the probe from gX hybridizes most strongly to two mRNAs, one of approximately 3 kb and a second of approximately 1-6 kb, which was decidedly the more abundant of the two. The 1.6 kb m R N A is consistent with initiation from a promoter immediately preceding the start of the gX gene (this overlaps the termination codon ofpk in Fig. 2) whereas the 3 kb mRNA, which is the sole species revealed by hybridization with the probe from the pk gene, is of the size expected if it is initiated from a promoter preceding the pk gene and extended to the polyadenylation/processing signal following the gX gene (see Fig. 1 ). [We do not know the identity of the even larger mRNAs detected by probe (ii), especially at later times. They may possibly be transcripts produced by processing at alternative downstream polyadenylation sites or perhaps transcripts from the next gene upstream that have failed to terminate.] In conclusion, it is most Fig. 3 . mRNAs encoding the products of the pk and gX genes.
Polyadenylated mRNA was isolated from cells infected for 0 h (lane 1), 3 h (lanes 2 and 4) or 6 h (lanes 3 and 5) with PRY, subjected to electrophoretic separation, transferred to nitrocellulose and hybridized to radioactively labelled probes (i), from the pk gene (lanes 1 to 3), or
(ii), from the gXgene (lanes 4 to 5), as described in Methods. The figure shows an autoradiograph with the sizes of the major bands, deduced from comparison with standards of known length, indicated.
likely that the two genes are translated from 3' coterminal mRNAs using a single polyadenylation/ processing signal, although transcript mapping studies are needed to confirm this.
Relation of the predicted product of the pk gene to PR V-PK
To determine whether the pk gene encoded the previously purified protein kinase, PRV-PK, we cloned a PstI fragment encoding the C-terminal portion of the predicted product ofthepk gene (see Methods and Fig. 1) into the vector pUEX-1 (Bressan & Stanley, 1987) to produce an in-frame fusion with the E. coli fl-galactosidase gene. We expressed the fusion protein, and raised an antiserum to this (see Methods). PRV-PK was purified by standard chromatographic procedures (Purves et al., 1986b) cellulose, TSK-phenyl 5PW, threonine-Sepharose and protamine-agarose) were challenged with the antiserum. At each chromatographic stage the enzymic activity comigrated with immunoreactive material of M~ 38000 (illustrated in Fig. 4 for the penultimate threonineSepharose stage), and this latter corresponded to the single silver-stained band of Mr 38 000 in the final pure protein (Fig. 5a ). It is therefore clear that the pk gene of PRV encodes the previously characterized protein kinase P R V -P K (Purves et al., 1987b) , and that this latter is not the product of a PRV homologue of the more recently predicted protein kinase gene, UL13, of HSV-1 Chee et al., 1989) . This was not unexpected in view of the similar substrate specificities of P R V -P K and HSV1-PK (Purves et aL, 1986b) , and the evidence that the latter enzyme is encoded by the gene corresponding to PRV pk. However, in the case of PRV, the correlation of the gene to a homogeneous enzyme makes the evidence even more convincing. The experimental values of Mr 38 000 and pI 4.9 for P R V -P K (Purves et aL, 1987b) , are in close agreement with the values 36879 and 3) or HSV-1 (lanes 4 to 6) separated by polyacrylamide gel electrophoresis under denaturing conditions. The fractions are: active enzyme fractions of cytoplasmic extracts subjected to chromatography on DEAE-ceUulose (lanes 1 and 4), nucleocapsids (lanes 2 and 5) and purified virions (lanes 3 and 6).
4-67 respectively, predicted for the O R F product of Fig.  2 , and there is also quite good correlation between experimental and theoretical amino acid compositions (unpublished results). This gives us increased confidence that the choice of initiation codon shown in Fig. 2 is correct. Unfortunately, attempts to obtain an amino acid sequence for the N-terminal region were unsuccessful (unpublished results), possibly indicating that the N terminus is blocked.
Studies of P R V -P K and HSV1-PK in the virion
Although P R V -P K and HSV1-PK were found predominantly in the cytoplasm of infected cells, it was of interest to discover whether they were also present in the virion. In a previous study, we demonstrated several different protein kinase activities in the virion, although at that time the viral protein kinase had not been sufficiently characterized to determine whether it was one of these . The availability of the fusion protein antiserum allowed us to reinvestigate this question, and Fig. 5(b) , lane 3, shows that P R V -P K is indeed present in purified virions. An analogous fusion protein was constructed using a portion of the catalytic domain of gene US3 of HSV-1 (see Methods; Stevens, 1989) and Fig. 5 (b) , lane 6, demonstrates the presence of HSV1-PK in virions of HSV-1, although, because of over-development of the blot to allow visualization of the reaction with the control cellular enzyme (lane 4), there is some additional weak reaction with other virion proteins. In both cases, immunoreactive material was also found associated with nucleocapsids ( Fig. 5 b, lanes 2 and 5). (The HSV nucleocapsid preparation also contains a cross-reacting species which has an approximate Mr of 28 000. This may possibly be a fragment of HSV 1-PK or an unrelated protein that is more abundant in the nucleocapsid than the protein kinase.) The major phosphoprotein of the virions of PRV is a species of approximate Mr 112000, which we previously showed to be phosphorylated by cellular casein kinase II, present in the virions (see also lane 8 of Fig. 6 ). This did not preclude the possibility that the phosphoprotein might also be phosphorylated by other protein kinases, including PRV-PK. We therefore investigated the phosphorylation of the heat-inactivated virions by exogenous purified PRV-PK. It can be seen from Fig. 6 (lane 6) that in vitro PRV-PK is able to phosphorylate the phosphoprotein of Mr 112000, as can the cyclic AMPdependent protein kinase and casein kinase II. This cannot be taken as evidence that PRV-PK phosphorylates the protein in vivo, but the different site specificities of PRV-PK and casein kinase II (see Leader & Katan, 1988) make it possible that both virion protein kinases could contribute to the phosphorylation of this protein. Analysis of the phosphorylation sites on the phosphoprotein will be required to answer this question.
D i s c u s s i o n
Despite the possibility that it may contribute to the phosphorylation of the major virion phosphoprotein (Fig. 6) , the function and physiological substrate(s) of the protein kinase encoded in the Us region of the genomes of alphaherpesviruses are not yet known. The elucidation here of the sequence of a third alphaherpesvirus protein kinase gene (actually a fourth, if one includes the similar sequences of the two serotypes of HSV) does, however, provide a basis for the analysis of common structural features of these proteins, which may be relevant to the similar substrate specificities shared by at least two of these (Purves et al., 1986b) . Fig. 7 compares the predicted catalytic domains of PRV-PK, HSV1-PK and VZV-PK, and also indicates the positions of conserved and semi-conserved motifs in cellular eukaryotic protein kinases. PRV-PK shares 39 % and 37% identity with HSV1-PK and VZV-PK, respectively, in this region, somewhat less than the 44% identity shared by HSV1-PK and VZV-PK. In 27% of positions there is complete identity between all three sequences. [HSV2-PK shares all but two of these latter identities: the two Pro, corresponding to positions 271 and 289 of PRV-PK, are replaced by Ala; McGeoch et al. (1987) .]
The alphaherpesvirus protein kinases are clearly related to cellular protein kinases (McGeoch & Davison, 1986) , and, although there are some deviations from rather highly conserved features of the cellular protein kinase consensus (especially the missing first G from G -G --G , the missing A from A-K, and the DLG rather than DFG for PRV-PK; Fig. 7 ), all these deviations have cellular precedents (Montell & Rubin, 1988; Saxena et al., 1987; Levin et al., 1987; Osmani et al., 1988) . Despite this clear relationship, it must be stressed that no individual known cellular protein kinase is closely similar to the herpesvirus enzymes. This point was previously made by McGeoch & Davison (1986) , is apparent from Fig. 4 of the review of cellular protein kinases by Hanks et al. (1988) and has been confirmed by our own extensive comparisons with sequences in the most recent versions of the databases (see Methods). Thus, no known cellular protein kinase shares more than about 22% identity with PRV-PK in the catalytic Consensus: PRV PK: HSVI-PK: VZV-PK: Common: Fig. 7 were analysed using the program PepPlot; indications of hydrophobic and hydrophilic residues were edited out and the sequences were aligned over their catalytic domains. Individual amino acid residues are distinguished by the lengths of the lines (Glu > Asp, and Arg> Lys > His). The clusters of acidic residues in the non-catalytic domains are indicated by asterisks.
domain, and no protein kinase matched more than half of the positions of perfect identity between the three alphaherpesvirus protein kinases, mentioned above. Furthermore, the highest scoring cellular protein kinases, i.e. the product of Saccharomyces cerevisiae gene CDC28 (L6rincz & Reed, 1984) , the two domains of ribosomal protein $6 kinase II (Jones etal., 1988) , human A-raf-1 (Beck et al., 1987) and the ~-subunit of rat calmodulin kinase II (Tobimatsu et al., t988) , are not closely related one to the other. It should also be mentioned that these alphaherpesvirus protein kinases are not closely related to the product of a recently determined putative protein kinase gene of vaccinia virus (Howard & Smith, 1989) ; the scores obtained when this latter sequence was compared to the alphaherpesvirus protein kinases were lower than those obtained in comparison with many cellular protein kinases.
Comparison of the data of Fig. 7 with the sequences of cellular protein kinases (e.g. those in Hanks et al., 1988) has allowed us to delineate features that seem, at present, particular to the alphaherpesvirus protein kinases. These are: the Glu residue preceding the third G in the g-G--g motif, the shortness of the stretch of amino acids between the motif a-K and the conserved E, the conserved TC (especially the Cys; 117/118 in PRV-PK), the second conserved Cys (preceding the DfG motif), the conserved TN (preceding the apE motif) and the relatively conserved nature of an insertion between domains X and XI of Hanks et al. (1988) , near the C terminus (positions 278 to 310 in PRV-PK). If, as has been suggested (Leader & Purves, 1988) , this viral enzyme has a cellular homologue, one might expect these features to be diagnostic for candidate cellular enzymes.
In contrast to the 37 to 44~ identity found in pairwise comparisons of amino acid residues of the alphaherpesvirus protein kinases in the catalytic domain, no specific sequence homology is evident in the N-terminal domain, which, furthermore, varies in size from 182 amino acids in HSV1-PK and 83 amino acids in VZV-PK, to 44 amino acids in PRV-PK (assuming that the initiation codon predicted in Fig. 2 is correct) . The only potentially significant common feature that we have been able to detect is a cluster of acidic residues in the N-terminal domain (Fig. 8) , although this is somewhat less pronounced in the case of VZV-PK. It is possible that a surface region of localized acidic residues (rather than a specific amino acid sequence) might have a functional role, e.g. in interacting with a basic substrate or even with the catalytic domain. The sequences of the corresponding protein kinases from other alphaherpesviruses, together with the study of the effects of mutations in this acidic region, should allow this hypothesis to be tested.
